Introduction Previous studies have shown benefit not only from postoperative chemotherapy but also from a short interval to initiation of treatment after resection of primary colorectal cancer. The aim of this study was to determine difference in timing to postoperative chemotherapy for minimally invasive resection (MIR) vs. open resection (OR) of colorectal cancer liver metastases (CRCLM). Methods This is a retrospective review of 1:1 matched patients undergoing MIR (n=66) and OR (n=66) for CRCLM at a single institution.
Introduction
Colorectal cancer is the third most common cancer and third leading cause of cancer deaths in the USA [ 1 ] . Approximately 30 % of patients with locally advanced colorectal cancer present with synchronous liver metastases (CRCLM) [ 2 ] . Despite the variety of neoadjuvant and adjuvant treatment protocols, surgical resection remains the only potential curative options in patients with CRCLM. Over the past two decades, survival of patients diagnosed with CRCLM has greatly improved, with recent data showing the 5-year survival rates to be 45-60 % [ [3] [4] [5] ]. These superior outcomes can be attributed to several factors, including improved surgical technique, perioperative care, and advancements in systemic chemotherapy [ 6, 7 ]. A major advancement in surgical technique is minimally invasive resection (MIR) of CRCLM. Minimally invasive resection, both laparoscopic-and robotic-assisted hepatectomy, has been shown to have comparable R 0 resection proportions, safety, and efficacy to open resection (OR) for CRCLM [ [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] ]. Although the benefits of postoperative systemic chemotherapy remain controversial regarding overall survival, it is still routinely recommended after resection of CRCLM due to the well-established benefits in regards to increased disease-free survival [ [18] [19] [20] ]. Recent preclinical studies, mathematical models, and human molecular-based studies suggest that early initiation of chemotherapy after surgical resection improves long-term outcomes. Studies in various animal models reveal that surgery may activate dormant metastases, stimulate angiogenesis, increase the number of circulating tumor cells, and enhance the production of oncogenic growth factors [ [21] [22] [23] ]. Chemotherapy initiation soon after surgery may suppress these elements-thus preventing early cancer recurrence after surgery. A meta-analysis performed by Biagi et al. reported a decrease in overall survival by 14 % for every 4-week delay in initiation of postoperative chemotherapy. Therefore, postoperative chemotherapy is recommended to be commenced within 4 to 6 weeks of surgical resection to optimize patient outcomes [ 24 ] . The purpose of this retrospective study was to determine whether patients undergoing MIR of CRCLM experience a shorter time interval between surgery and initiation of postoperative chemotherapy compared to those undergoing OR and whether it has an impact on long-term cancer-related outcomes. To achieve this aim, we performed a 1:1 casematched comparison of patients undergoing MIR vs. OR based on demographics, comorbidities, and extent of liver resection with a primary study endpoint of timing of postoperative chemotherapy.
Material and Methods
This is a retrospective cohort study of patients with CRCLM who underwent resection at the University of Pittsburgh Medical Center (UPMC) between 2009 and 2013. A total of 508 liver resections for metastatic colorectal cancer were performed during this time period. Among these, 79 MIR and 432 OR were performed. MIR was defined as a pure laparoscopic, laparoscopic hand-assisted, robotically assisted laparoscopic approach or cases that were converted to open. Of the 79 patients who underwent MIR, seven did not have adequate follow-up data and in six patients the surgery of record was not their first resection of liver metastases and thus were excluded from the study. Each patient who underwent MIR was individually matched to one patient who underwent OR based on risk factors primarily associated with short-term postoperative complications [ 25, 26 ] (in descending order of priority): presence of background liver disease, extent of liver resection, simultaneous colon resection, preoperative CEA level, American Society of Anesthesiologists (ASA) score, age, gender, and body mass index (BMI). Extent of resection was classified as major if the procedure included the removal of four or more liver segments. Treatment recommendations were made through a multidisciplinary liver tumor conference, and the type of surgical resection that the patient received was based on lesion location and assessment of overall clinical status. The decision to perform either a robotic or laparoscopic procedure was surgeon-specific.
Patients' charts were retrospectively reviewed for history and demographics, liver pathology, and intraoperative as well as postoperative outcomes. operative variables such as estimated blood loss (EBL) and transfusion frequency were determined from anesthesia records and operative notes. Postoperative complications were obtained from discharge summaries and thorough review of inpatient and outpatient progress notes and graded according to the Clavien-Dindo Classification scale-major complications were defined as events requiring surgical, endoscopic, or radiological intervention (Clavien-Dindo classification grade≥3) [ 27 ] . Chemotherapy data was obtained from the electronic patient chart or by contacting offices where patients received treatment. This data included the date of initiation of postoperative chemotherapy and whether patients received chemotherapy after detection of liver disease and prior to hepatic resection. All patients in the MIR group were compared with all case-matched patients in the OR group to determine perioperative differences and differences in timing to chemotherapy. Our standard follow-up is liver imaging every 3 months for the first 2 years after surgery then every 6 months thereafter. Adherence to follow-up imaging was similar in both groups.
Data analysis was conducted using Stata, version 13.1 (StataCorp, College Station, TX). Groups were compared using the χ 2 test for categorical variables, analysis of variance for continuous parametric variables, and the Wilcoxon-MannWhitney test for continuous nonparametric variables. Categorical variables are presented as whole numbers and percentages. Continuous variables are presented as means with standard deviation. Continuous nonparametric variables are presented as medians with interquartile range (IQR). KaplanMeier estimates of disease-free survival and initiation of postoperative chemotherapy were calculated, and differences in the probabilities were compared with the log-rank test. For the initiation of postoperative chemotherapy, patients were censored at last follow-up, death, or at time of disease recurrence. The impact of clinical, pathologic, or operative variables in the initiation of postoperative chemotherapy was also evaluated with Cox proportional hazard regression models. Variables that were significant at a significance level of 0.05 in the univariable analysis were included in the multivariable analysis, and the possibility of effect modification between the surgical technique and the presence of postoperative complications was explored. For all statistical measures, p<0.05 was considered significant. This study was approved by the UPMC Institutional Review Board (IRB), and data acquisition and storage was compliant with the IRB's guidelines.
Results
Patient Characteristics, Perioperative Parameters, and Timing to Postoperative Chemotherapy There were no significant differences between patients undergoing MIR (n=66) and with the case-matched OR group (n= 66) based on the variables chosen for matching (Table 1 ). In the 66 patients included in the MIR group, 23 (35 %) had a pure laparoscopic resection, 19 (29 %) had a hybrid or a handassisted approach, 21 (32 %) had a robotic-assisted surgery, and 3 (4 %) were converted to open. The number of tumors was significantly higher in the OR group. Forty-two percent of patients in the MIR group and 50 % in OR group presented with synchronous disease. The median disease-free interval for patients presenting with metachronous disease was 22 months for the MIR group and 26.8 months for the OR group. As for prior chemotherapy treatments, 38 and 41 % of patients in the MIR and OR groups, respectively, have received chemotherapy prior to the liver resection. For patients with synchronous lesions, median time between colon and liver resection was 4.9 months (4.8 and 4.9 months for the MIR and OR groups, respectively). For the metachronous lesions, median time between colon and liver resections was 25 months (21.7 and 26.9 months for the MIR and OR groups, respectively).
There were statistically significant differences in median estimated blood loss, hospital length of stay, Clavien grade 3 and 4 complications, and median days to postoperative chemotherapy (Table 2) between patients who underwent MIR compared to OR. Patients in the MIR group had a shorter median length of hospital stay (4 vs. 5 days, p<0.001). There were no differences in estimated blood loss, overall 30-day complications, intraoperative transfusions, or 30-day mortality. However, the proportion of major complications (Clavien grade 3 and 4) was lower in the minimally invasive group compared to the OR group (6 vs. 17 %, p=0.04). Similar (Fig. 1a) . Of note, 48.4 % of the patients in the OR group and 47.4 % of the patients in the MIR group received postoperative chemotherapy at our institution.
Factors Associated with Timing of Postoperative Chemotherapy
Univariable analysis demonstrated that surgical technique (MIR vs. OR hazard ratio 1.77, p=0.009), postoperative complications (hazard ratio 0.62, p=0.027), number of lesions (solitary vs. multiple hazard ratio 1.7, p=0.007), EBL (hazard ratio 0.49, p=0.001), and length of hospital stay (hazard ratio 0.56, p=0.004) were significant factors affecting timing to chemotherapy (Table 3) . Of the 132 patients included in this study, 42 (32 %) suffered any grade postoperative complications. Overall, patients who did not suffer postoperative complications initiated postoperative chemotherapy sooner after surgery than those who did have postoperative complications (median 53 vs. 70 days, p=0.03). At 60 days after surgery, 55 % of those who did not have postoperative complications had initiated chemotherapy in comparison to only 42 % of those who did have postoperative complications (Fig. 1b) . At 180 days after surgery, 87 % of those without postoperative complications had initiated chemotherapy in comparison to 69 % of those who did have postoperative complications (p=0.02). Of note, although the numbers are small, previous chemotherapy and having a combined procedure were not significantly associated with postoperative complications in our cohort.
Patients in each cohort, MIR and OR, were stratified by postoperative complications. On univariable analysis, patients who underwent OR and suffered postoperative morbidity had a longer interval to start of postoperative chemotherapy compared to patients who underwent OR and did not experience postoperative morbidity (median 151 vs. 63 days, p=0.015). In contrast, postoperative complications did not affect the interval to start of postoperative chemotherapy for patients who underwent MIR (median 48 vs. 40 days, p=0.34) (Fig. 1c) .
On multivariable analysis, surgical technique, number of lesions, and length of stay were independently associated with timing of postoperative chemotherapy (Table 4) . Multivariable analysis demonstrated that postoperative complications modified the effect of surgical technique on timing of postoperative chemotherapy. For patients who underwent OR, patients who suffered postoperative complications had a longer interval to start of postoperative chemotherapy compared to those who did not suffer postoperative complications (hazard ratio 0.45, p=0.017). In contrast, postoperative complications did not significantly affect timing of postoperative chemotherapy for patients who underwent MIR (hazard ratio 2.05, p= 0.052).
Timing to Postoperative Chemotherapy and Long-Term Outcomes
The influence of postoperative chemotherapy timing on recurrence-free survival for all study patients was examined. Median length of follow-up for all patients was 34 months (IQR 18-48 months). Kaplan-Meir estimates showed that patients who received postoperative chemotherapy within 60 days of surgery had a trend towards longer recurrencefree survival compared to those with a longer interval to chemotherapy and to those not treated with postoperative chemotherapy (median 29 vs. 14 months, p=0.05) as shown in Fig. 2 . These results extended to overall survival with median overall survival for the whole cohort being 53 months with 3- 
Discussion
Hepatic resection is the cornerstone of curative treatment for CRCLM. While advancements in surgical technique have dramatically lessened postoperative mortality [ [28] [29] [30] [31] ], postoperative morbidity still occurs in 20-40 % of patients. Many studies have demonstrated that a minimally invasive approach to resection of CRCLM results in better postoperative pain control, decreased length of stay, and no compromise to oncologic principles relative to an open approach [ 15 ] . However, the oncologic-specific outcomes for MIR of CRCLM are less clear. A theoretical but not yet established advanced to MIR is earlier start to postoperative chemotherapy due to quicker recovery and better postoperative performance status. This study suggests that outcomes after minimally invasive approach are improved in many aspects compared with open approaches. Suggestions of improved recovery in the MIR group are evident by the shorter hospital stay and the reduced major complication rates. Important oncologic findings in this study are the earlier onset of initiating chemotherapy and shorter delay of treatment due to postoperative complications. In addition, an improved recurrence-free survival was observed in the MIR group that is reflective of the differences in the timing to chemotherapy.
The key finding of this study is that a minimally invasive approach to resection of CRCLM is an effect modifier for the influence of postoperative complications on timing of postoperative chemotherapy. Postoperative complications are still common after resection of CRCLM and occur at a higher rate after open resection. The combination of surgical technique and postoperative complications together affects timing to Previous studies have similarly shown worse oncologic outcomes with increasing time to chemotherapy in patients with primary colorectal cancer and in patients with pancreatic cancer [ [32] [33] [34] ]. In addition, in cases of CRCLM, previous evidence demonstrates that timely initiation of postoperative chemotherapy improves progression-free survival as shown in the EORTC trial in 2008. The most recent update to the EORTC trial showed no benefit in overall survival with the addition of perioperative chemotherapy for the management of resectable CRCLM. However, this is attributed to the fact that the study was not initially powered to detect a difference in overall survival. Of note, this study also could not demonstrate improved overall survival which may be secondary to the sample size or the need for longer follow-up. Additionally, Aloia et al. have recently proposed the importance of return to intended oncologic treatment (RIOT) as a quality measure for hepatic resection of CRCLM [ 19, 20, 35 ]. In as much as RIOT rates may serve as a quality measure, we further suggest that based on our study, the time to RIOT is another important metric to assess outcomes and compare MIR and OR approaches. Limitations of this study include the retrospective, singlecenter design, potential for undetected bias, and length of follow-up. In addition, the initiation of chemotherapy is in general the prerogative of primarily the medical oncologist; the mere perception of a Bminimal^vs. Ba more invasive open resection^may be the dominant factor to determine the start date of the chemotherapy, as this aspect could not be blinded. Because of our small sample sizes, multivariable analysis to look at all possible confounding factors was limited. Our subjects were selected from a single institution with high volumes of complex hepatobiliary cases-thus, results may not be generalizable to all centers. These biases could be corrected by the initiation of larger scale prospective multicenter databases that enroll patients at the time of their preoperative clinic visit on an Bintention-to-treat^basis. Ideally, these databases would reflect synchronous cases of colorectal cancer with liver metastases only. Prospectively maintained multicenter registries of hepatic resections for CRCLM, perioperative outcomes, and administration of postoperative chemotherapy should be started to more accurately record patient characteristics, selection criteria, as well as intra-and postoperative outcomes including timing to chemotherapy. These studies may also reveal additional long-term benefits of prompt postoperative chemotherapy in stage IV colorectal cancer as well as differences in these long-term outcomes in the minimally invasive vs. open resections.
In conclusion, MIR is not only technically feasible and safe in the setting of CRCLM but may also provide long-term oncologic benefits. By modifying the deleterious effects of postoperative complications on timing of postoperative chemotherapy, patients undergoing MIR for CRCLM are treated with postoperative chemotherapy sooner after surgery compared to those undergoing OR. 
